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(54) Laser device 

(57) A separate confinement hete restructure (SCH) laser device (LD) has a quantum well active region 10 
within an optical guiding region 12, and n- and p-type cladding regions 14 and 16 on opposite sides of the 
guiding region 12, An electron-capture layer 36 is provided in the n-side guiding region 12a. The composition 
of the electron-capture layer 36 is such that the minimum energy for X-electrons in the conduction band is 
lower than that in the surrounding parts of the active region 10 and/or the n-side guiding region 12a. The 
electron-capture layer 36 is thick enough to bind X-electrons so that, in use, the electron-capture layer 36 
promotes the capture of X-electrons. The electron -capture layer 36 is sufficiently close to the active region 10 
to permit transfer of captured X-electrons to at least one F-confined level in the active region 10. 
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LASER DEVICES 

The invention relates to the field of senniconductor laser devices of both 
the edge emitting and surface emitting types and is particularly 
concerned with separate confinement heterostructure (SCH) laser devices 
(LDs) 

LDs emitting in the visible spectral region around 650nm are key 
elements in the latest professional and consumer products based on 
Digital Video Discs (DVDs). The most important semiconductor material 
for such diodes is the AlGalnP alloy system and optical devices based on 
these materials are already well developed. 

The limiting feature of the AlGalnP alloy system for visible laser diode 
production is the relatively small conduction and valence band offset 
between the constituent semiconductors in a heterostructure laser. For 
instance, the maximum conduction band offset obtained in (AIGa)o.5lno,sP 
is only 270meV compared to 350meV in the GaAs/AlCaAs case. 
Consequently, there is a significant thermally activated electron leakage 
current in these diodes, leading to high laser threshold currents and poor 
temperature characteristics. The loss of holes towards the n-type contact, 
though less significant than electron loss, is also a contributing factor. 

A number of approaches have been taken to improve this limitation, 
notably an increased p-type doping in the p-type cladding region of the 
LD and the use of so-called Multiple Quantum Barriers (MQBs) near the 
p-type cladding region (see, for example, D.P. Bour et al, IEEE J. Quant. 
Elect., vol 30, 2, pp 593-606 (1994)). Both approaches attempt to 
reduce the electron leakage current by presenting an increased potential 
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barrier to electrons thermally excited out of the active region of the LD, 
and swept towards the p-type contact by the applied electric field. 

Two approaches can be taken to increase the relative population of 
carriers (electrons and holes) radiatively combining in the active region 
(and hence contributing to lasing) to those lost by thermal excitation into 
the p-type contact or recombining non-radiatively in the cladding 
regions. Inclusion of barrier layers, such as MQBs or electron- reflecting 
layers, attempt to decrease the leakage current in devices by preventing 
the loss of electrons (or holes in the case of hole barrier layers). 

A second approach is to increase the efficiency of electron capture into 
the active region of the device. In P. Bhattacharya et al, IEEE J. Quant 
Elect., vol. 32, 9, pp 1620-1629 (1996), the capture of electrons is 
promoted by employing a tunnelling region by which high energy 
injected electrons are cooled before capture into quantum well active 
regions. This decreases the effect of hot carriers in the wells and also 
limits the loss of high energy electrons traversing the active region 
without being captured by the wells, as illustrated in accompanying 
Figure 1 which is a schematic diagram illustrating the valence and 
conduction band energies of a resonant-tunnelling injection LD. In 
Figure 1, active region 10 is within an optical guiding region 12 
consisting of an n-side guiding region 12a and a p-side guiding region 
12b. N-type and p-type cladding regions 14 and 16, respectively, are 
provided on opposite sides of the active region 10 and guiding regions 
12a and 12b. The n-side guiding region 12a is wide and comprises a 
portion 12c remote from active region 10. The portion 12c has a lower 
bandgap energy than the region 12b, but there is also provided resonant 
tunnel barrier region 12d in the n-side guiding region 12a. Electrons 
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from the cladding region 14 are confined In the guiding region 12c by 
the energy barriers defined by cladding region 14 and the resonant 
tunnel barrier region 12d. High energy ("hot") electrons cool down in 
the region 12c by losing energy. Low energy ("cold") electrons in the 
region 12c are injected into the active region 10 by resonant tunnelling 
through the quantum confined energy level in region 12d. Holes from 
the p-type cladding region 16 reach the active region 10 by traversing 
the p-side guiding region 12b without tunnelling. 

R. Kumar et al, Appl. Phys. Lett 68, 26, pp 3704-3706 (1996) disclose 
the provision of an MQB at the centre of the quantum well active region 
of an AlGaAs laser in order to promote the capture of injected holes. An 
MQB in the p-type cladding region is designed to reflect electrons 
towards the quantum well active region, but this has the unwanted effect 
of reflecting holes away from the active region. Placing an MQB in the 
centre of the active region is designed to overcome this problem: 

P.M. Smowton et al in Appl. Phys. Lett., vol. 67, pages 1265-1267, 1995 
show that an important leakage mechanism for electrons can be via the 
indirect X-valley of the conduction bands in the p-side guiding and 
cladding regions of a separate confinement heterostructure (SCH) laser 
having two GaoaiinosgP quantum wells separated by a barrier, ail set in 
an optical guiding region of (AlyGa,.y)o5ilno49P (where y is variously 0.3, 
0.4 and 0.5), and clad with (Alo7Gao3)o.5ilno.49P cladding regions doped 
with Zn on the p-side and Si on the n-side. However, no proposals are 
made for mitigating the problems caused by loss of electrons via this 
mechanism. 



4 



Accompanying Figure 2 shows the band offsets for lattice matched 
(AlGa)lnP. The minimum energy in the conduction band of AlGalnP is a 
function of aluminium content, with a crossover from a T-band minimum 
to an X-band minimum at a concentration of 0.55. The terms F-band 
and X-band as used herein refer to symmetry points in the Brillouin 
zone and are standard terms in solid state physics, see for example R. A. 
Smith, "Semiconductors", (Cambridge University Press, 1978). The terms 
F-minimum and X-minimum refer to the minimum energy level of the F- 
band and the X-band, respectively. 

Accompanying Figure 3 illustrates the conduction and valence band 
profiles of a typical InGaP/AllnGaP multi-quantum well laser showing 
the relative positions of the F- and X-minima in the heterostructure 
layers. In Fig.3, active region 10 has three quantum energy wells formed 
of GaoslnosP set in optical guiding region 12. N-side and p-side guiding 
regions 12a and 12b are formed of {Alo5Gao.5,)o.5lno.5P. N-type and p-type 
cladding regions 14 and 16 are formed of respectively n- and p-doped 

(Alo.sGao S))o.5'^0.5f^ . 

Optical transitions giving rise to laser action in the active quantum well 
region 10 of the laser diode originate from F-electrons in the InGaP 
quantum wells. Figure 3 indicates that, in many layers, the X-minimum 
is of the same or lower energy than the F-minimum. As noted by 
Smowton et at (supra), a significant percentage of the injected electron 
population, as well as thermally activated leakage electrons, reside in the 
X-valley of the AlGalnP cladding, guiding and barrier regions of the laser 
diode. 
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As can be seen from Figure 3, near the p-type cladding region 16, there 
is a low energy transport path via the X-minima with a lower activation 
energy for thermal loss of electrons from the wells of the active region to 
the X-bands than to the corresponding T-bands in the guiding region 12b 
and cladding region 16. 

The present invention is based on the discovery that the X-minima in the 

guiding and cladding regions 12a and 14a on the n-side of a 

heterostructure LD are also significant in the injection of electrons from 

the n-type contacts into the active quantum well region 10. Since the X- 

mlnimum in InGaP is energetically higher than the F-minimum (whereas 

these minima are almost degenerate in (AlGa)o.5lno.5P), Figure 3 shows m 

that the active region 10 consists of a set of quantum wells for F- 'S 

electrons but a set of quantum barriers for X-electrons. Thus, electrons 

Injected from the n-type cladding region 14, transported through the X- 

minimum of the AlGalnP guiding region 12a, are presented with a ^ 

barrier at the guiding region/quantum well interface. A significant 

proportion of those electrons are thus reflected back into the guiding 

region 12a where they may recombine non-radiatively. They do not 

therefore contribute to the carrier population in the quantum wells and 

hence increase the threshold current of the laser. 

It is an object of the present invention to provide an SCH LD in which 
the loss of electrons to non-radiative recombination paths in the guiding 
region is reduced and the capture of electrons into the active region 
(where they contribute to lasing) is increased, whereby to lower the laser 
threshold current required to achieve lasing. 
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According to the present invention, there is provided a separate 
confinement heterostructure (SCH) laser device (LD) comprising: 
an optical guiding region ; 

an active region having at least one energy well, said active region being 
disposed in said optical guiding region; and 

n- and F>-tyP€ cladding regions on opposite sides of said optical guiding 
region; wherein 

(1) an electron-capture layer is provided in the active region or in a part 
of the optical guiding region which is disposed between the active region 
and the n-type cladding region; 

(2) the composition of the electron-capture layer is such that the X- 
minimum in such layer is lower than that in adjacent parts of the 
heterostructure; 

(3) the electron-capture layer is thick enough to bind X-electrons so 
that, in use, the electron-capture layer promotes the capture of X- 
electrons; and 

(4) the electron-capture layer is sufficiently close to the active region to 
permit transfer of captured X-electrons to at least one F-confined level in 
the active region so that X-electrons do not remain in the electron- 
capture layer indefinitely and the electron-capture layer acts as a conduit 
for transfer of X-electrons into said at least one energy well in the active 
region. 

The electron-capture layer may be thin enough (e.g. about 2 to 30 A, and 
more preferably 8 to 25 A, and conveniently about 15 A) to allow 
tunnelling of f-electrons therethrough so that the capture of F-electrons 
into the active layer is substantially uninhibited. As an alternative this, it 
is possible to arrange for the electron-capture layer to be thick enough 
(e.g. about 50 to 200 A, and more preferably up to about 50 to TOO A) to 
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reflect F-electrons so that they relax in energy and enter said at least one 
energy well in the active region via an intermediate X-state in the 
electron-capture layer. 

The electron-capture layer has a composition in which the content of a 
substitutional element (e.g. Al in the case of the (AlCa)lnP alloy material) 
which is greater than that of the guiding region. The substitutional 
element content of such layer is conveniently substantially the same as 
that of the n-type cladding region, but it can be greater or smaller. 

In a first embodiment, the electron-capture layer is disposed in the n-side 
guiding region directly adjacent the active region. In which case,^ the X- 
minimum in such layer is lower than that in each of the adjacent part of 
the active region and the adjacent part of the n-side guiding region. 

In a particular example, the technique of growth interruption may be 
employed at the interface between the electron-capture layer and "an 
energy well of the active region. This is a known technique in epitaxial 
growth wherein the growth of semiconductor layers is interrupted or 
paused for several seconds or minutes before the following layer is 
deposited. This has the effect of altering the interface structure between 
adjacent layers and, in the present invention, can affect the transfer of X- 
electrons from the capture layer to the well. 

In a second embodiment, the electron-capture layer is disposed in the n- 
side guiding region and is spaced from the active region by a distance 
which is thin enough (typically several angstroms) to allow sufficient 
transfer of bound X-electrons from the electron-capture layer to the F- 
states in the energy well. In which case, the X-minimum in such layer is 
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lower than that in each of the adjacent parts of the n-side guiding region 
on opposite sides of the layer. 

The composition and thickness of the electron-capture layer is chosen to 
increase the capture efficiency of X-electrons and also serves to inhibit 
the thermally activated leakage of holes from the active region to the n- 
type cladding region. By virtue of the electronic structure of the 
semiconductor materials considered here, the maximum energy of the 
valence band is always at the F-point and the electron-capture layer 
always acts as a barrier for holes. It is preferred to optimise the electron- 
capture layer for reduction of the leakage of holes. In this respect, it is to 
be appreciated that there is to prevent hole leakage, the layer should be 
as thick as possible, but a thick layer will inhibit electron-capture, hence 
optimisation is required to balance these different effects. 

In a third embodiment, in an SCH LD having first and second quantum 
energy wells in the active region, the electron -capture layer is provided 
in the active region and constitutes a barrier material between the first 
and second quantum welis. In which case, the X-minimum in such 
electron-capture layer Is lower than that in each of the adjacent parts of 
the active region on opposite sides of the layer. If the active region has 
more than two quantum wells, an additional electron-capture layer or 
layers may be provided accordingly. The provision of such barrier 
material(s) between the quantum wells means that the F-electrons need 
to have an increased energy to escape from the quantum wells to the F- 
minimum in the barrier material(s). Such layers also have the effect of 
increasing the activation energy of X-electrons in the barrier layers to that 
of X-electrons in the quantum wells. In other words, the relatively high 
energy X-minimum of the quantum well material causes the well 
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material itself to act as a barrier to any X-electrons which may find their 
way into the barrier material(s). 

In an alternative embodiment, an electron-capture layer of the above- 
described type is provided on each side of the active region to enable X- 
electrons to be trapped near the active region where they may relax into 
said at least one energy well in the active region. Most preferably, the 
electron-capture layers are disposed substantially symmetrically relative 
to the active region and are of substantially the same composition and 
thickness. This can enable the optical mode of the emitted laser light to 
be improved by increasing the symmetry of the refractive index profile of 
the optical guiding region. 

The SCH LD according to the present invention may also incorporate any 
of the abovfr<iescribed per se known measures for decreasing the leakage 
current by presenting increased energy barriers on the p-side of the LD 
designed to reflect thermally activated carriers back into the active 
region. 

However, it is preferred to decrease the leakage current by providing an 
electron-reflecting barrier layer in a p-side region of the LD, wherein 

(a) the composition of said barrier layer is such that it has an X-minimum 
which is higher than that in an adjacent part of the p-side region at least 
on that side of the barrier layer which is disposed between the barrier 
layer and said active region, and 

(b) the thickness of said barrier layer is such as to prevent electron 
tunnelling between the X-bands of adjacent parts of the p-side region on 
opposite sides of the barrier layer, and/or parts of the p-side region on 
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opposite sides of the barrier layer have compositions which are 
sufficiently different from one another to prevent such tunnelling. 

The barrier layer may be provided in the p-type cladding region or in the 
p-side optical guiding region. If there is more than one such barrier 
layer, the additional barrier layer(s) may be provided in either or both of 
such regions. At least one barrier layer, however, is preferably provided 
within the p-type cladding region, and 

(a) the composition of said barrier layer is such that the X-minimum 
therein is higher than that in an adjacent part of the p-type cladding 
region at least on that side of the barrier layer which is disposed between 
the barrier layer and said optical guiding region, 

(b) the composition and/or thickness of said barrier layer is such that it 
has a r-minimum which is higher than the X-minimum of said adjacent 
part of the p-type cladding region, and 

(c) the thickness of said barrier layer is such as to prevent electron 
tunnelling between the X-bands of the adjacent parts of said p-type 
cladding region on opposite sides of the barrier layer, and/or the adjacent 
parts of said p-type cladding region on opposite sides of the barrier layer 
have compositions which are sufficiently different from one another to 
prevent such tunnelling. 

Preferably, (a) the composition of said barrier layer is such that the X- 
minimum therein is higher than that of adjacent parts of the p-type 
cladding region on both sides of the barrier layer; (b) the composition 
and/or thickness of said barrier layer is such that it has a F-minimum 
which is higher than the X-minima of the adjacent parts of the p-type 
cladding region on opposite sides of the barrier layer; and (c) the 
thickness of said barrier layer is such as to prevent electron tunnelling 
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between the X-bands of said adjacent parts of said cladding region, 
and/or the adjacent parts of said p-type cladding region on opposite sides 
of the barrier layer have compositions which are sufficiently different 
from one another to prevent such tunnelling. 

In the case where the barrier layer is in the p-side guiding region, it 
preferably has a composition such that the X-minimum therein is higher 
than that the p-type cladding region. 

The barrier layer preferably has substantially the same composition as 
that of the active region. 

The effect of said barrier layer is to act as a barrier to electrons travelling 
in the X-valley (i.e. relatively lower energy level X-electrons) and thus 
reflect them back towards the active region and prevent their drift and 
diffusion in the p-type cladding region. It is considered possible to block 
some of the electron leakage using just a single barrier layer, thus making 
it easier to implement than the above-mentioned MQB which, in contrast 
to the single layer, relies on quantum mechanical coherence of the states 
for its reflecting power. 

The thickness of the barrier layer is most preferably chosen such that the 
first confined electron state (e') therein lies above those of the X-minima 
in the adjacent cladding and guiding regions. With e' in this energy 
position, there is no state of lower energy into which electrons could 
thermaiise and subsequently recombine. Typically, the thickness of the 
barrier layer is 20 A to 3 A, and is preferably 15 A to 7 A. 
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Preferably, the thickness of that part of the p-type cladding region which 
is disposed between the barrier layer and the optical guiding region is 
not less than 100 A, and more preferably is in the range of 100 A to 1 
/ym. This assists in minimising (1) thermal escape of carriers from the 
cladding region over the barrier provided by the barrier layer, and (2) 
tunnelling of carriers through the barrier layer. This is because, if the 
carriers in this part of the cladding region have thermalised to the bottom 
of the X-band, they will have the maximum barrier to surmount and the 
maximum barrier to tunnel through. 

In another embodiment involving electron reflection, at least one 
additional barrier layer is provided. Preferably, the thicknesses of the 
barrier and said at least one additional barrier layers decrease away from 
the guiding region. This provides a plurality of e' levels which rise into 
the p-type cladding region from the guiding region so as to provide an 
increasing tunnel barrier to electrons. 

The separation between adjacent barrier layers is preferably not less than 
2.85 A and is preferably 7 A to 15 A. The material separating adjacent 
barrier layers preferably has substantially the same composition as that of 
the p-type cladding region. 

The SCH LD may be an edge-emitting LD or a surface emitting LD. The 
SCH LD may be based on the alloy system (i) (lnGa)P/(AlGaln)P or on 
the alloy system (ii) CaAs/(AIGa)As. 

The alloy system (i) is preferably the alloy system : 
(ln,Ga,JP/(AlyGai.y),!n,.,P 
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where 0.3 < x < 0.6, y is in the range 0 to 1, and z is in the range of 0.3 
to 0.6. Preferably, z in the alloy system (i) is 0.515 because this is the 
composition at which it is lattice-matched with a GaAs substrate. 

The alloy system (ii) is preferably GaAsAAl^Gai.JAs where x is in the 
range of 0.1 to 1 . 

It is to be appreciated that the values of x and y in the alloy systems (i) 
and (11) above depend upon the composition of the parts of the p-side 
region which are adjacent to the electron-reflecting barrier layer. 

In all of the above embodiments, it is within the scope of the present 
invention for the laser diode to be of the Graded Refractive Index 
Separate Confinement Heterostructure (GRINSCH) type. 

The LD may be of the edge-emitting type of of the surface-emitting type. 

In the accompanying drawings. 

Figure 1 is a schematic illustration of the conduction and valence bands 
in a known resonant tunnelling injection LD, as described above; 

Figure 2 is a schematic diagram indicating the relative positions of the 
conduction and valence band edges for the (lnGa)P/(AlyGa,.y)o52lrio48P 
alloy system, as described above; 

Figure 3 is a schematic diagram of the conduction band edges for T- 
electrons and X-electrons and the valence band edge for F-electrons in a 
typical (AlGa)lnP/GalnP multi-quantum well LD, as described above; 
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Figure 4 is a schematic view similar to Figure 3, of the conduction band 
profile of a first embodiment of SCH LD including an electron-capture 
layer according to the present invention; 

Figure 5 shows the conduction band profile of a second embodiment of 
SCH LD according to the present invention; 

Figure 6 shows the conduction band profile of another embodiment of 
SCH LD according to the present invention; 

Figure 7 is a schematic view of the conduction band profile of a 
particular form of the resonant tunnelling injection LD Illustrated in 
Figure 1 (but with the tunnelling layers removed), to demonstrate that, in 
this case, there is no barrier to X-electrons being captured into the 
quantum well region; 

Figure 8 is a graph showing an experimental comparison of threshold 
current densities of (AlGaln)P lasers with and without an electron-capture 
layer according to the present invention; 

Figure 9 is a diagram similar to that of Figure 2 but showing the. relative 
positions of the conduction and valence band edges for the 
GaAs/(AlxGai.^)As alloy system; 

Figure 10 is a schematic perspective view (not to scale) of the layer 
structure of an (AlGaln)P edge emitting LD according to the present 
invention; 
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Figure 1 1 is a schematic sectional view of an (AlGaln)P vertical cavity 
surface emitting laser (VCSEL) device according to the present invention; 

Figure 12 is a schematic view of the conduction band profile of a further 
embodiment of SCH LD including the electron-capture layer of Figure 4 
according to the present invention and an electron-reflecting barrier layer 
in the p-type cladding region; 

Figure 1 3 is a schematic view of the conduction band profile of a still 
further embodiment of SCH LD including the electron-capture layer of 
Figure 5 according to the present invention and two electron-reflecting 
barrier layers in the p-type cladding region; 

Figure 14 is a schematic view of the conduction band profile of a further 
embodiment of SCH LD including the electron-capture layer of Figure 6 
according to the present invention and three electron-reflecting barrier 
layers in the p-type cladding region; 

Figure 15 is a schematic view of the conduction band profile of a further 
embodiment of SCH LD including the electron-capture layer of Figure 4 
according to the present invention in a graded index optical guiding 
region and and an electron-reflecting barrier layer in the p-type cladding 
region; and 

Figures 16 and 17 are schematic views of further embodiments of SCH 
LDs according to the present invention. 

Referring now to Figure 4, the SCH LD is of the type described 
previously and basically comprises active region 10 within optical 
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guiding region 12 formed of n-side guiding region 12a and p-side 
guiding region 12b, with n-type and p-type cladding regions 14 and 16 
disposed on opposite sides of the optical guiding region 12. in this 
embodiment, the active region 10 is a multi-quantum well active region 
where the quantum wells are formed of Caoslno.sP separated by active 
region barriers formed of the same alloys as that of the optical guiding 
region 12, namely (Alo5Gaos)o5ln(,5p. The n-type cladding region 14 is 
formed of (Alo^GaojloslnogP doped with n-type doping atoms, whilst the 
p-type cladding region 16 is formed of the same alloy as the region 14 
but doped with p-type doping atoms. 

In accordance with the present invention, an electron -capture layer 36 is 
provided in the n-side guiding region 12a directly adjacent to one of the 
quantum wells of the active region 10. In this embodiment, the layer 36 
has the same basic alloy composition as the cladding regions 14 and 16, 
namely (AlojrGao.jVglno.sP. This composition of the layer 36 has an X- 
minimum which is lower in energy than the corresponding X-minima in 
the adjacent parts of the n-type guiding region 12a and the adjacent 
quantum well in the active region 10. The layer 36 typically has a 
thickness of about 15 A. The thickness is sufficient to allow for efficient 
binding of X-state injected electrons into the layer 36 but is sufficiently 
thin to enable adequate tunnelling of F-eiectrons through the layer 36 
into the adjacent quantum well so as not to inhibit capture of such 
electrons. 

In the embodiment illustrated in Figure 5, the device is the same as that 
of Figure 4 except that the electron-capture layer 36 is spaced from the 
nearest quantum well of the active region 10 by several A, which is 
small enough to allow sufficient transfer of bound X-electrons from the 
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layer 36 to the T-states (TC, SQ FC) in the quantum well (a spacing of 
greater than 50 A will effectively prevent any such transfer). 

Referring now to Figure 6, in this embodinnent, the arrangement is as 
described with reference to Figure 4, except that, in this embodiment, 
the thickness of the electron-capture layer 36 is optimised such that high 
energy F-electrons do not tunnel through the layer 36 but are instead 
reflected from the layer 36. For this reason, the layer 36 has a thickness 
of about 50 A. Such high energy F-electrons which have been reflected 
then relax in energy and enter the quantum well active region 10 via the 
intermediate X-state in the layer 36, as can be seen from the arrows in 
Figure 6. It is to be understood that the difference between the effect 
described here and the tunnelling injection described by Bhattacharya et 
al (supra) is that there is no involvement of X-levels in the latter, nor is 
there any resonant tunnelling effect in the LDs of the present invention. 

This will be apparent by reference to accompanying Figure 7 which 
shows that the active region 10 is a quantum well for both F- and X- 
electrons. Figure 7 illustrates the situation for the example given in 
Table 1 of Bhattacharya et al (supra) where the two resonant tunnelling 
barriers (not shown in Figue 7) are each 20A thick and are formed of 
AlAs and separated by a tunnelling well (also not shown in Figure 7) 
which has a thickness of 40A and which is formed of !no ioGao9</vS- 
Such an arrangement is provided between (i) an active region having an 
active quantum well which is 80A wide and which is formed of the 
same material as the tunnelling well, and (ii) an n-side guiding region 
having a thickness of O-l/vm formed of CaAs; and where a p-side guiding 
region is formed of Alo.3oGao 70AS, and n-type and p-type cladding regions 
are formed of repespectively doped Alo6Gao4As. 
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Referring now to Figure 8, there are shown the threshold current 
densities of so-called Broad Area lasers operating under pulsed electrical 
injection. These are terms that would be familiar to anyone skilled in 
the production and testing of laser diode devi ces. Illustrated are results 
on a so-called "Standard Laser" similar to that shown in Figure 3. The 
Standard Laser has been produced using an epitaxial growth technique 
known as Gas Source Molecular Beam Epitaxy (GSMBE), but it could 
have been fabricated using any alternative epitaxial growth method such 
as Solid Source Molecular Beam Epitaxy (SSMBE) or Metal Organic 
Vapour Phase Epitaxy (MOVPE). In the Standard Laser, the n- and p-type 
cladding regions 14 and 16 are of (Alo.7Gao 3)0.5, slno^es^r the optical 
guiding region 12 is of (AlosGaog^glnosP and surrounds an active region 
12 having three quantum wells of composition Gao.sislno 485P and 100 A 
thickness separated by barriers of (Alo.5Cao.5)o.si5lno485P- 

The "Capture Layer Laser" is identical in structure to the "Standard Laser" 
apart from the addition a 15 A thick electron-capture layer 36 of 
(Alo7Gao3)o.5i5lno485P situated in the n-side guiding region 12a adjacent to 
the active region 10 as described above with reference to Figure 4. 

As can be seen from Figure 8, the threshold current density for the 
Capture Layer Laser, which is in accordance with the present invention, 
is approximately 1 7 7o less than that of the "Standard Laser". 

The present invention is applicable to the provision of at least one 
electron-capture layer into any suitable semiconductor material system in 
which there are several conduction band minima. These minima have 
compositional dependent energies such that, for particular semiconductor 
compositions, indirect valley minima (X-valley or L-valley, the latter 
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being another conduction band minimum) are lower than the T- 
minimum, then a hete restructure composed of such semiconductors can 
exhibit the type of band alignment shown in Figure 3 referred to above. 
In such cases, the use of at least one electron capture layer in 
accordance with the teachings of the present invention will improve the 
characteristics of lasers made from these semiconductors. An example of 
such a system is AlGaAs where the conduction band minimum changes 
from r-type to X-type at an aluminium concentration of approximately 
0.55. This is shown in accompanying Figure 9. 

Referring now to Figure 10, the edge-emitting LD illustrated therein r, 
comprises a layer structure comprising (InGa)P layer 10 defining the ^ • 
quantum well active region, undoped (AlGaln)P layers 12a and 12b,; 
respectively, defining the n-side and p-side optical guiding regions, n- 
doped (AlGaln)P layer 14 defining the n-type cladding region, p-doped 
{AlGaln)P layer 16 defining the p-type cladding region, and electron-- 
capture layer 36 formed of the same basic alloy composition as the 
(AlGaln)P layers 14 and 16. The functions served by such layers will be 
readily apparent from the previous description. These layers are 
epitaxial ly grown on an n-doped GaAs substrate 18 having an n-doped 
GaAs buffer layer 20 thereon in a manner which will be well understood 
by those skilled in the art. A p-doped GaAs contact layer 21 is provided 
as a top layer of the LD. A p-side metal contact 22 and an n-side metal 
contact 32 are provided, respectively, on top of the layer 21 and on the 
underside of the substrate 18. Laser mirror facets 24 are formed by 
cleaved edges perpendicular to the plane of the substrate 18. 

The edge-emitting LD of Figure 10 operates in a manner which will be 
well understood by those skilled in the art having regard to the preceding 
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description so that, in use, edge emission of light takes place in the 
direction of the arrow illustrated in Figure 10. 

The VCSEL device of Figure 1 1 is fornned on n-doped GaAs substrate 18 
having n-doped CaAs buffer layer 20 thereon, by epitaxially depositing 
and etching as necessary in a manner well known in the art. In Figure 
1 1, quantum well active region 10 and the optical guiding region 12 are 
illustrated for convenience as a single layer, but in practice the various 
regions 12a, 10 and 12b (as described previously) are grown in 
sequence. The guiding regions 12a and 12b are undoped. Electron- 
capture layer 36 is provided within the n-side optical guiding region 12a 
adjacent to the active region 10 in the manner described above in 
relation to Figure 4. N-doped (AlCaln)P layer 14 defines an n-doped 
spacer region which forms part of the cladding of the VCSEL. P-doped 
(AlGaln)P layer 16 defines a p-doped spacer region which also forms part 
of the cladding of the VCSEL. Upper and lower p-type and n-type Bragg 
Reflectors (DBRs) 26 and 28 are also provided in the layer structure in a 
manner well known per se in the art. The upper DBR 26 is surrounded 
by an annular, electrically insulating polymer current-confining layer 30. 
Annular p-type upper contact 22 is provided above the DBR 26 and the 
layer 30. An n-type contact 32 is provided on the underside of the 
substrate 18. 

As is well known with VCSELs, light emission occurs through central 
aperture in the annular upper contact 22 in the direction indicated by the 
arrow in Figure 1 1 . 

Referring now to Figure 12, the arrangement is as described above in 
relation to Figure 4, except that, in addition to the electron-capture layer 
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36, an electron-reflecting barrier layer 6 is provided in the p-type 
cladding region 16. In Figure 12, L,^ indicates the thickness of the p- 
type cladding region 16. It will be seen that the X-minimum in the p- 
type cladding region 16 is below that in the p-side guiding region 12b. 
This means that any electrons which are thermally excited to the X-band 
of the guiding region 12b will thermalise down to the X-band in the p- 
type cladding region 16 where, in the absence of the barrier layer 6, they 
would be free either to recombine (a loss) or to drift and diffuse away 
from the active QW region 1 (a further loss). 

In order to reduce such losses, the barrier layer 6 which is of lattice- - 
matched (InGa)P of thickness is inserted in an undoped portion of the 
p-type cladding region 16 as shown schematically. The thickness is 
chosen to be a value such that the first confined electron state (e') lies 
above that of the X-minima in the cladding and guiding regions 12b and 
16. With e' in this energy position, it does not provide a state of lower 
energy into which electrons could thermalise and subsequently 
recombine. Thus, e' effectively defines the F-minimum in the barrier 
layer 6. If the barrier layer 6 consists of (!nGa)P lattice-matched to GaAs, 
for example, then an appropriate value of would be 15A or less. It is 
still possible for carriers in the X-valley of the cladding region 16 to 
escape by two routes: (1) thermal escape from the cladding region 16 
over the top of the barrier presented by the confined level e' or (2) 
tunnelling through the barrier layer 6, again with the barrier height being 
e'. The barrier height is governed by e' and not the X-minimum in the 
(InGa)P due to the T-X wavefunction mixing which occurs at the 
heterojunction interface. Mechanisms (1) and (2) above will be 
minimised if the carriers in the cladding region 16 have thermalised to 
the bottom of the X-band, where there will be the maximum barrier to 



BNSDOCIp- <G8_g3g061 OA^^ 



22 



surmount and the maximum barrier to tunnel through. The thickness L,^ 
of the cladding region 16 should ideally be adjusted to arrange such a 
situation. A thickness L^^ of > 100A is considered to be of assistance in 
this respect. 

In a particular example of this type of LD, the Capture Layer Laser as 
described above with reference to Figure 8 is formed with barrier layer 6 
a ~12A thick layer of Caosisl no48sP situated some ~300A from the 
beginning of the guiding region 12b. The threshold current density of 
such an LD is approximately 33 % less than that of the "Standard 
Laser"referred to above with reference to Figure 8. 

Referring now to Figure 13, the arrangement is as described above in 
relation to Figure 5, except that, in addition to the electron -capture layer 
36, two electron-reflecting barrier layers 6a and 6b are provided in the p- 
type cladding region 16 and are separated by a layer 7a of quaternary 
cladding material (AlGaln)P. In this case, the barrier layer 6a is thicker 
than the barrier layer 6b to provide a rising step of e' levels to present an 
increasing tunnel barrier to electrons. 

Referring now to Figure 14, the arrangement is as described above in 
relation to Figure 6, except that, in addition to the electron-capture layer 
36, three electron-reflecting barrier layers 6a, 6b and 6c are provided in 
the p-type cladding region 16, separated by respective layers 7a and 7b 
of quaternary cladding material (AlGaln)P. in this case, the thicknesses 
of such barrier layers 6a, 6b and 6c within the p-type cladding region 16 
are chosen to decrease progressively away from guiding region 12b, 
This would then provide a rising staircase of e' levels to present an 
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increasing tunnei barrier to electrons. Typical thicknesses might be 12A, 
7A and 5 A for the three barrier layers 6a, 6b and 6c, respectively. 

Referring now to Figure 15, the arrangement is as described above in 
relation to Figure 4, except that electron-reflecting barrier layer 6 is 
provided in the p-type cladding region and the layers 36 and 6 are 
employed in a Graded Refractive Index Separate Confinement 
Heterostructure (GRINSCH LD). Here the energy gap of each of the 
optical guiding regions 12a and 12b is varied in a graded manner from 
the respective cladding regions 14 and 16 to the active region 10 of the 
heterostructure. This grading may not necessarily be linear as shown in 
Fig. 7. 

Referring now to Figure 16, the arrangement is as described above in 
relation to Figure 12 except that a further electron-reflecting barrier layer 
6' of identical compostion to that of the barrier layer 6 is provided in the 
p-side guiding region 12b near to the p-type cladding region 16. * The 
barrier layer 6' has a thickness of 5 to 10 A (although it may have a 
thickness between 5 and 50 A). The arrangement is such that the first 
confined electron energy level e' in the barrier layer 6' is near to the F- 
minimum in the adjacent parts of the guiding region 12b on opposite 
sides of the layer 6*. As can be seen from Fig. 16, e' in the layer 6' is 
higher than e in the active region 10. 

Referring now to Figure 1 7, the arrangement is as described above in 
relation to Figure 12 except that the electron-reflecting barrier layer 6 is 
provided in the p-side guiding region 12b near to the p-type cladding 
region 16 rather than in the p-type cladding region 16 itself. The barrier 
layer 6 has a thickness of 5 to 10 A (although it may have a thickness 
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between 5 and 50 A). The arrangement is such that the first confined 
electron energy level e' in the barrier layer 6 is near to the r-minimum 
in the adjacent parts of the guiding region 12b on opposite sides of the 
layer 6. As can be seen from Fig. 17, e' in the layer 6 is higher than e in 
the active region 10. 
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CLAIMS 



1. 



A separate confinement heterostructure (SCH) laser device (LD) 



comprising: 

an optical guiding region ; 

an active region having at least one energy well, said active region being 
disposed in said optical guiding region; and 

n- and p-type cladding regions on opposite sides of said optical guiding 
region; wherein 

(1) an electron-capture layer is provided in the active region or in a part 
of the optical guiding region which is disposed between the active region 
and the n-type cladding region; 

(2) the composition of the electron-capture layer is such that the X- 
minimum in such layer is lower than that in adjacent parts of the 
heterostructure; 

(3) the electron-capture layer is thick enough to bind X-electrons so that, 
in use, the electron-capture layer promotes the capture of X-electrons; 
and 

(4) the electron-capture layer is sufficiently close to the active region to 
permit transfer of captured X-electrons to at least one F-confined level in 
the active region. 

2. A laser device as claimed in claim 1, wherein the electron- 
capture layer is of a thickness such as to allow tunnelling of F-electrons 
therethrough so that the capture of F-electrons into the active layer is 
substantially uninhibited. 

3. A laser device as claimed in claim 1, wherein the electron- 
capture layer is of a thickness such as to reflect F-electrons so that, in 
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use, F-electrons which have been reflected by the electron-capture layer 
relax in energy and enter said at least one energy well in the active 
region via an intermediate X-state in the electron-capture layer. 

4. A laser device as claimed in claim 1, wherein the thickness of 

the electron-capture layer in the range of from 2 to 200 A. 

5- A laser device as claimed in claim 2, wherein the thickness of 

the electron-capture layer is in the range of from 2 to 30 A. 

6. A laser device as claimed in claim 3, wherein the thickness of 
the electron-capture layer is in the range of from 50 to 200 A. 

7. A laser device as claimed in claim 6, wherein the electron- 
capture layer has a composition in which the content of a substitutional 
element is higher than that in the n-side guiding region. 

8. A laser device as claimed in claim 7 , wherein the content of the 
substitutional element in the composition of the electron-capture layer is 
substantially equal to that in the n-type cladding region. 

9. A laser device as claimed in any preceding claim, wherein the 
electron-capture layer is disposed in the n-side guiding region directly 
adjacent the active region, and the X-minimum in such layer is lower 
than that in each of the adjacent part of the active region and the 
adjacent part of the n-side guiding region. 
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10. A laser device as claimed in claim 9, wherein there is a growth 
interrupted interface between the electron-capture layer and an energy 
well of the active region. 

11. A laser device as claimed in any one of claims 1 to 8, wherein 
the electron-capture layer is disposed in the n-side guiding region and is 
spaced from the active region, and the X-minimum in such layer is lower 
than that in each of the adjacent parts of the n-side guiding region on 
opposite sides of such layer. 

12. A laser device as claimed in claim 11, wherein the spacing 
between the electron-capture layer and the active region is small enough 
to allow transfer of bound X-electrons from the electron -capture layer to 
the F-states in said at least one energy well of the active region. 

13. A laser device as claimed in any one of claims 1 to 8, wherein 
the electron-capture layer and first and second energy wells are provided 
in the active region, the electron-capture layer constitutes a barrier 
material between the first and second energy wells, and the X-minimum 
in such layer is tower than that in each of the energy wells. 

14. A laser device as claimed in claim 13, wherein the active region 
has more than two energy wells and an additional electron-capture layer 
or layers constitutes a barrier material between such energy wells. 

15. A laser device as claimed in one of claims 1 to 14, wherein a 
further electron-capture layer is provided in or on an opposite side of the 
active region to the first-mentioned electron-capture layer. 
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16. A laser device as claimed in claim 15, wherein the further 
electron-capture layer and the first-mentioned electron capture layer are 
substantially symmetrically arranged relative to the active region and 
have substantially the same composition and thickness. 

17. A laser device as claimed in any preceding claim, v^herein an 
electron-reflecting barrier layer is provided in a p-side region of the 
device. 

18. A laser device as claimed in claim 17, wherein: 

(a) the composition of said electron-reflecting barrier layer is such that it 
has a X-minimum which is higher than that in an adjacent part of the p- 
side region at least on that side of the barrier layer which is disposed 
between the barrier layer and said active region, and 

(b) the thickness of said barrier layer is such as to prevent electron 
tunnelling between the X-bands of the adjacent parts of the p-side region 
on opposite sides of said barrier layer, and/or parts of the p-side region 
on opposite sides of said barrier layer have compositions which are 
sufficiently different from one another to prevent such tunnelling. 

19. A laser device as claimed in claim 17, wherein the barrier layer 
is provided in the p-type cladding region. 

20. A laser device as claimed in claim 19, wherein: 

(a) the composition of said electron-reflecting barrier layer is such that 
the X-minimum therein is higher than that in an adjacent part of the p- 
type cladding region at least on that side of the barrier layer which is 
disposed between the barrier layer and said optical guiding region. 
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(b) the composition and/or thickness of said barrier layer is such that it 
has a r-minimum which is higher than the X-minimum of said adjacent 
part of the p-type cladding region, and 

(c) the thickness of said barrier layer is such as to prevent electron 
tunnelling between the X-bands of the adjacent parts of said (>type 
cladding region on opposite sides of the barrier layer, and/or the adjacent 
parts of said p-type cladding region on opposite sides of the barrier layer 
have compositions which are sufficiently different from one another to 
prevent such tunnelling. 

21. A laser device as claimed in claim 19, wherein: 

(a) the composition of said barrier layer is such that the X-minimum 
therein is higher than that of adjacent parts of the p-type cladding region 
on both sides of the barrier layer; 

(b) the composition and/or thickness of said barrier layer Is such that it 
has a r-minimum which is higher than the X-minima of adjacent -parts of 
the p-type cladding region on opposite sides of the barrier layer; and 

(c) the thickness of said barrier layer is such as to prevent electron 
tunnelling between the X-bands of said adjacent parts of said p-type 
cladding region, and/or the adjacent parts of said p-type cladding region 
on opposite sides of the barrier layer have compositions which are 
sufficiently different from one another to prevent such tunnelling. 

22. A laser device as claimed in any one of claims 19 to 21, 
wherein the thickness of that part of the p-type cladding region which is 
disposed between the barrier layer and the optical guiding region is not 
less than 100 A. 
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23. A laser device as claimed in any one of claims 19 to 21, 
wherein the thickness of that part of the p-type cladding region which is 
disposed between the barrier layer and the optical guiding region is in 
the range of 100 A to 1 /ym. 

24. A laser device as claimed in any one of claims 19 to 23, 
wherein the thickness of the barrier layer is 20 A to 3 A. 

25. A laser device as claimed in any one of claims 19 to 23, 
wherein the thickness of the barrier layer is 15 A to 7 A. 

26. A laser device as claimed in any one of claims 19 to 23, 
wherein the thickness of said barrier layer is chosen such that the first 
confined electron state therein lies above that of the X-minima in the 
adjacent cladding and guiding regions. 

27. A laser device as claimed in claim 17 or 18, wherein the 
electron-reflecting barrier layer is in the p-side guiding region. 

28. A laser device as claimed in claim 27, wherein the thickness of 
said barrier layer is 5 A to 50 A. 

29. A laser device as claimed in claim 27 or 28, wherein the 
thickness of said barrier layer is 5 A to 10 A. 

30. A laser device as claimed in any one of claims 1 7 to 29, 
wherein the or each barrier layer has substantially the same composition 
as that of the active region. 
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31. A laser device as claimed in any one of claims 17 to 29, 
wherein at least one additional electron-reflecting barrier layer is 
provided in a p-side region of the device. 

32. A laser device as claimed in claim 31, wherein the additional 
barrier layer or at least one of the additional barrier layers is provided in 
the same p-side region as that in which the first-mentioned barrier layer 
is provided. 

33. A laser device as claimed in claim 31, wherein the additional 
barrier layer or at least one of the additional barrier layers is provided in 
a different part of the p-side region to that in which the first-mentioned 
barrier layer is provided. 

34. A laser device as claimed in any one of claims 31 to 33, 
wherein the thicknesses of the barrier layer and said at least one 
additional barrier layer decrease away from the active region. 

35. A laser device as claimed in any one of claims 31 to 34, 
wherein the separation between adjacent barrier layers is not less than 
2.85 A. 

36. A laser device as claimed in any one of claims 31 to 34, 
wherein the separation between adjacent barrier layers is 7 A to 15 A. 

37. A laser device as claimed in any preceding claim, based on the 
alloy system GalnP/(AlGaln)P. 
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38. A laser device as claimed in claim 37, wherein the alloy system 
is: 

(ln,GaiJP/(AlyGa,.y),ln,.,P 
where 0.3 < x < 0.6, y is in the range 0 to 1, and z is in the range of 0.3 
to 0.6. 

39. A laser device as claimed in claim 38, wherein z is that which 
ensures that the alloy system {AlGa)^lni.^P has the same lattice constant as 
GaAs. 

40. A laser device as claimed in claim 38, wherein z is 0.515. 

41. A laser device as claimed in any one of claims 1 to 36, based 
on the alloy system AlGaAs. 

42. A laser device as claimed in claim 41, wherein the alloy system 
is GaAs/CAI^Ga^ JAs where x is in the range of 0.1 to 1. 

43. A laser device as claimed in any preceding claim, of the Graded 
Refractive Index Separate Confinement Heterostructure type. 

44. A laser device as claimed in any preceding claim, of the edge- 
emitting type. 

45. A laser device as claimed in any one of claims 1 to 44, of the 
surface-emitting type. 
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46. A laser device as claimed in claim 1, substantially as 
hereinbefore described with reference to any one of Figures 4 to 6, 8 and 
10 to 17 of the accompanying drawings. 
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